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Abstract. In this paper we derive constraints on the emission of a massive (pseudo)scalar
S from annihilation of neutrinos in the core of supernovae through the dimension-4 coupling
ννS, as well as the effective dimension-5 operator 1Λ(νν)(SS). While most of earlier studies
have focused on massless or ultralight scalars, our analysis involves scalar with masses of order
eV −GeV which can be copiously produced during the explosion of supernovae, whose core
temperature is generally of order T ∼ O(10) MeV. From the luminosity and deleptonization
arguments regarding the observation of SN1987A, we exclude a large range of couplings
10−12 . |gαβ| . 10−5 for the dimension-4 case, depending on the neutrino flavours involved
and the scalar mass. In the case of dimension-5 operator, for a scalar mass from MeV to 100
MeV the coupling hαβ get constrained from 10
−6 to 10−2, with the cutoff scale explicitly set
Λ = 1 TeV. We finally show that if the neutrino burst of a nearby supernova explosion is
detected by Super-Kamiokande and IceCube, the constraints will be largely reinforced.
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1 Introduction
Among other problems, the standard model (SM) of particle physics suffers from lots of
mysteries concerning the neutrino sector. As a matter of fact, the three neutrino flavours
have been established to oscillate as they propagate in vacuum or matter and hence be split
in mass. A large variety of current experiments aim to detect neutrinos produced in the Sun,
atmosphere, reactors, nuclei decay or astrophysical sources. The next generation neutrino
experiments, as well as collider studies, may help us pin down some of the fundamental mass
and mixing parameters, resolve the mystery of Majorana versus Dirac nature of neutrinos,
and reveal hints about the neutrino mass generation mechanisms.
As a peculiar source of astrophysical neutrinos, supernovae provide an alternative envi-
ronment to study neutrinos and their interplay to nuclear physics and possibly new, feeble,
secret interactions. Indeed, such interactions could drastically alter the evolution of astro-
physical objects, and in particular the dynamics of supernova explosions, and be possibly
measured by neutrino detectors on earth. There has been an extensive study regarding the
SM together with hypothetical beyond SM particles in the evolution of supernovae, including
both active and sterile neutrinos [1–23], (very) light pseudoscalars (e.g. axion [24–36] and
Majoron [37–49]) as well as vector bosons (dark photon [3, 50–52]), or even dark matter
(DM) particles [20–23, 53–59].
In this paper we aim to focus on the supernova constraints in the neutrino sector, in
the presence of a massive scalar S or pseudoscalar J coupled to the SM neutrinos. A well
motivated example of such particles is the Majoron [60–64], the Goldstone boson generated
from global lepton number symmetry breakdown. This particle is intimately related to
neutrino mass generation via the so called seesaw mechanisms [65–74] and the lepton number
breaking scale. However, the Majoron does not have to be exactly massless [75, 76] nor a
Goldstone boson [77] as in the original models, and could even play the role of DM [78–
97] or dark radiation [98–100]. Such a light (pseudo)scalar interacting with neutrinos could
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also emerge in a large range of beyond SM scenarios, such as supersymmetric and extra
dimension models [77, 101–104], and could also have large couplings to neutrinos in, for
instance, modified seesaw models involving large flavour violation [105].
Without intending to dip into any of these specific phenomenological models but rather
investigating in a model independent manner how supernovae can constrain the couplings of
light scalar bosons to the active neutrinos [106], the dimension-4 and dimension-5 Lagrangians
given respectively in Eqs. (2.1) and (6.1) can be viewed as the low energy remnant of UV
complete underlying theories. Setups involving peculiar global symmetries under which both
leptons and the Majoron field are charged (such as the original Majoron model in type I
seesaw) can naturally provide couplings of the (pseudo)scalar to neutrinos at the tree level
whereas the coupling to charged leptons arise at the loop level. An example of such model can
be found for instance in [105] where the possibility of a massive scalar coupling to neutrinos
is in tension with the prospective bounds we present in this paper. Until now the literature
has mostly focused on massless or very light (. eV) particles, in the quest for Majorons or
Axion-Like Particles, we will here release a complementary study, exploring masses of the
eV-GeV range, since as we will see, such a broad region is to be particularly constrained.
In some of the models involving light scalars in the neutrino sector, there exist also the
heavy right-handed neutrinos (RHNs), which are used to generate the tiny active neutrino
masses via the seesaw mechanism. One should however comment on the fact that in a certain
class of seesaw models, our study cannot be applied. For instance in the case of a standard
type I seesaw, writing the lagrangian as follows
L ⊃ −λφN¯ cRNR − yL¯HNR − V (H, φ) , (1.1)
where H is the SM doublet and φ = vS + (S + iJ)/
√
2, the masses of the scalar and RHNs
are given respectively by
mS =
√
λSvS and MN = λvS , (1.2)
with λS quartic coupling in the potential V . Thus for an O(1) parameter λ and a small
quartic coupling λS one can easily be in a situation where the RHNs are far heavier than the
scalar S. In such a situation, if the RHNs are heavier than the GeV scale (or even hundreds
of MeV) it can not be produced in the core of the supernovae and hence will not be present in
any of the calculations below. On the opposite, the cases containing low mass RHNs would
imply that the presence of RHN’s would affect the neutrinos thermal distribution as well as
the decay length and mean free path of the scalar S. Such consideration would strongly rely
on the choice of the seesaw model considered and thus be very model dependent and require
a proper modelling of the RHNs distribution in the core. We will for now on consider this
case as being out of the scope of our paper, and focus on cases where all RHN’s are heavier
than the GeV scale. One may anyway note that, RHNs participating to leptogenesis have
generically to be heavier than 100 MeV not to hit BBN bounds [107, 108], which make our
study rather general unless one tries to explore the possibility of a RHN dark matter.
In the presence of massive degrees of freedom such as the scalar S, the evolution of
supernova neutrino bursts and the subsequent deleptonization phase will be substantially
affected, if the couplings to neutrinos are sufficiently large, and thus one can set limits on
these couplings from the observation of SN1987A [109, 110] as well as a future supernova
explosion. Two different types of constraints can be obtained if one assumes that the extra
scalar boson couples solely to the SM neutrinos: (i) On the one hand, the energy loss due to
emission of (pseudo)scalars from the supernova core could significantly reduce the total flux
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of neutrinos observed in supernova explosions. For SN1987A the neutrino energy depletion is
of order 1053 erg, and it is expected that the energy carried away by exotic particles could not
exceed a sizable fraction of it. (ii) On the other hand, the deleptonization effect, e.g. νeνe → J
can dramatically disable the explosion of supernovae. Indeed, supernova simulations reveal
that the explosion process is very sensitive to the electron neutrino fraction YLe inside the
core [111, 112]. Thus by evaluating the number emission rate of the light scalars, we can set
limits on the couplings to neutrinos involving the electron flavor, which depends yet largely
on the supernova modelling and simulation details.
The supernova constraints for a massless pseudoscalar Majoron have been extensively
studied in Ref. [37–49] where the Majoron is produced via the lepton number violating
processes ν + ν → J and ν → ν¯ + J , rendered possible through matter effects. The limits
come out to be gαβ . 10−5, from both the luminosity and deleptonization arguments. In the
case of a massive scalar, if the scalar mass is much larger than the matter effects, then the
calculation procedure is somewhat similar to the case of heavy axion or dark photon, with
the significant difference that the two latters are produced from nucleon collisions. On the
other hand, for a supernova core with temperature T ' 10− 30 MeV, the scalars can not be
produced abundantly for masses above & GeV, which is heavily suppressed by the factor of
e−m/T . Thus the limits we will present in this paper apply to scalars in the mass range of
eV . m . GeV.
A massless Majoron could also be emitted from neutrinoless double beta decays [42,
77, 101–104, 113–115] and from the decays of SM mesons and leptons [37, 106, 116–118].
Ref. [106] derived recently the limits from meson and lepton decays in the case of a massive
scalar, with mass up to ∼ 100 MeV, excluding couplings of order |ge|2 ∼ 10−1 − 10−6. The
constraints on massless and massive scalars are complementary to each other, and we will see
that supernova constraints for the massive case in this paper will push the couplings down
by several orders of magnitude.
For the sake of completeness we will consider, in addition to the usual dimension-4
couplings of the form ννS, the possibility of having non-renormalizable dimension-5 operators
of the form (νν)(SS)/Λ, where Λ stands for a cutoff scale after the heavy UV complete
sector is integrated out, and in this case the scalar S can be considered for instance to be
a neutrino-phillic light DM candidate, whose couplings to other SM particles are vanishing
or highly suppressed. All other higher order effective operators are less important from the
phenomenological point of view in this paper and will be neglected.
The paper is organized as follows: The next section is devoted to the production and
decay of the massive scalar in supernova core induced by the dimension-4 couplings. The
luminosity limits and trapping effect are presented respectively in Section 3 and 4, while
the deleptonization constraints are considered in Section 5. The analogous constraints on
dimension-5 interactions are derived and collected in Section 6. Finally, future prospects
for possible Super-Kamiokande and IceCube detections are given in Section 7, before we
summarize and conclude in Section 8. Some of the calculation details are listed in the
Appendix.
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2 Scalar production and decay
For a massive scalar S or pseudoscalar J , the renormalizable couplings to neutrinos can be
generally denoted by
L = 1
2
gαβS
(
νTα iσ2νβ
)
+
1
2
g′αβJ
(
νTασ2νβ
)
+ h.c. (2.1)
where α and β are flavour indices. The coupling matrices g
(′)
αβ are symmetric in the flavor
basis and can be rotated into the mass basis via
g(′) → Ug(′)UT (2.2)
with U the PMNS matrix connecting the two sets of basis. It should be noted that the
couplings in Eq. (2.1) could be either lepton number conserving or violating by one or two,
depending on the lepton numbers of scalars which could be either 0, 1 or 2 [77, 115]. The
lepton number assignments are, however, rather model dependent, and we will not go into
such details. Moreover, in the calculation of the energy and number emission rates below the
scalars and pseudoscalar interactions do not show any difference, thus we will proceed from
now on with the scalar S without loss of generality.
As far as the dimension-4 couplings are concerned, the dominant production mechanism
of S comes from the annihilation of neutrinos νανβ → S. The double production process
νν¯ → SS are suppressed by the higher powers of the couplings g2αβ and can be safely neglected
throughout the paper.1 Let us assume for simplicity that the scalar S decays only into the
SM neutrinos, with the partial width in the supernova core frame
Γαβ ≡ 2Γ(S → νανβ) = |gαβ|
2mS
8pi
mS
ES
. (2.3)
where the factor of 2 takes into account the anti-neutrino channels, and ES/mS is the time
dilation factor.
3 Luminosity constraints
The density in the supernova core is very high, at the level of 1014 gram/cm3, and a huge
number of neutrinos are produced from the SM weak processes. It is expected that a large
number of light scalars can be produced in the neutrino bath before the explosion is ignited
and the emission of neutrino burst. If the couplings are small, the scalars will travel easily
outside the inner core, and carry away a sizable portion of the binding energy. The total
neutrino luminosity from SN1987A within one second after explosion is about Lν ' 5× 1052
erg/s, which is consistent with the theoretical predictions of supernova models, thus the
scalar mass and couplings to neutrinos are severely constrained from the simple luminosity
argument.
For the production process να(p1)νβ(p2) → S(pS), the energy emission rate per unit
volume of supernova core is given by [50, 52]:
Q =
∫
dΠ3 FS
∑
spins
|M|2(2pi)4δ(4)(p1 + p2 − pS)ESf1f2 , (3.1)
1Note that even in the case of a massless scalar, the inverse decay process is kinematically forbidden in the
vacuum but can occur via matter effects, and turns out to dominate also over the 2 → 2 processes [47].
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where dΠ3 is the phase space for the incoming and outgoing particles, FS = 1/(1 + δαβ) is
the symmetry factor, M the production amplitude, and
fi(Ei) =
1
1 + e(Ei−µi)/T
(3.2)
the initial-state Fermi-Dirac distribution with µi the chemical potential. After straightfor-
ward simplifications, the energy emission rate is
Q =
FS |gαβ|2T 5
25pi3
∫ ∞
q2/16v
du
∫ ∞
0
dv
(
√
u+
√
v)q
2
√
uv
1
(1 + e
√
u−x1)(1 + e
√
v−x2)
, (3.3)
where we have defined the dimensionless variables u ≡ p21/T 2, v ≡ p22/T 2, q ≡ m2S/T 2 and
xi ≡ µi/T with the core temperature T = 30 MeV. Once produced, the scalars can decay
back into neutrinos. If the scalars decay inside the core, then no exotic energy depletion can
occur, and the decay factor e−ΓαβRC has to be plugged into Eq. (3.3) with RC = 10 km the
core radius. Multiplying further the total core volume Vcore =
4
3piR
3
C , we obtain the total
luminosity due to the scalar emission.
All the constraints on mS and |gαβ| are presented in Fig. 1, where the shaded regions
are excluded. To make things as simple as possible, we switch on only one entry of gαβ and
set all other independent elements to be zero. In the supernova core, a huge number of νe
are emitted in the electron capture process, pushing the chemical potential of νe to be rather
large, ∼200 MeV, whereas for ν¯e it is the negative values of −200 MeV. On the other hand,
in first approximation the µ and τ flavors are completely on the same footing, and thus we
assume their chemical potentials to be zero. As demonstrated in [119], the typical time scale
of neutrino oscillations are constrained by experiments to be much longer than the typical
time scale of the neutrino burst immediately after the core collapse. Therefore the number
density hierarchy of different neutrino species remains relatively constant before the core
explosion. Thus the luminosity LS of scalar production in the supernova core is expected
to have a hierarchical structure in the flavour basis:
LS(νeνe → S) LS(νeνµ,τ → S) LS(νµ,τνµ,τ → S) .
This hierarchy explains the repartition of constraints presented in Fig. 1: the constraints
involving νe are more stringent and exclude larger regions, whereas the constraints involving
the µ and τ flavours are similar and somehow less stringent. As previously mentioned, when
the scalar is very heavy, say ∼ GeV, it can not be produced abundantly in the supernova
core, and thus can not deplete much of the energy. On the other hand, in Fig. 1 its mass
is down to the eV scale, at which the matter effects in the highly dense core might become
important and thus can not be naively neglected.
4 Trapping effect
After production in the supernova core, we have seen that the scalars can decay back into
neutrino. This effect has already been taken into account in the energy emission rate as
described above. Another possible issue is that the scalar scatters on the neutrino bath
inside the supernova core via να + S → νβ + S2, mediated by a neutrino νγ in the s and u
2The process ν + S → ν¯ is kinematically forbidden in the approximation of vanishing matter effect and
neutrino masses. Since we are considering scalar mass & eV, this assumption remains true in all our calcula-
tions.
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Figure 1. Left panel: Neutrino luminosity constraints on the coupling gαβ as functions of the scalar
mass mS . The coloured shaded region are excluded by the luminosity condition whereas in the lighter color
regions above the dashed lines the scalar mean free path DS is smaller than the core radius RC . Right
panel: Constraints on the couplings geβ involving the electron flavour, using the deleptonization condition, as
functions of the scalar mass mS . The constraints involving the τ flavour is the same as that for the µ flavour.
channels. It is straightforward to calculate the scattering cross section,
σ =
1
64piES(pν + ES)
∫
d cos θ |M|2 . (4.1)
Then the mean free path (MFP) for scalars propagating in the supernova core is given by
D−1S =
∑
α, β
∫
dES nνα σ(ναS → νβS)f(ES)∫
dES f(ES)
, (4.2)
where in general both flavours in the initial and final states have to be summed up. For
simplicity we assume the standard number density distribution for the incoming scattering
neutrinos
nν =
2
(2pi)3
∫
2pip2dp d cos θ
e(E−µ)/T + 1
(4.3)
with cos θ the angle between the scattering neutrino and scalar impulsion in the rest frame
of supernova core. At leading order the scalar is produced from annihilation of neutrinos,
thus we can estimate the scalar energy distribution function f(ES) from convolution of two
neutrino distributions f(Eνα) and f(Eνβ ). It turns out that
f(ES) =
e(µα+µβ)/T
e(µα+µβ)/T − eES/T log
[(
1 + eµα/T
)
eµβ/T
eµβ/T + eES/T
]
. (4.4)
To calculate the MFP, we integrate over the momentum/energy of the incoming neutrinos
and scalars:
D−1S =
∑
α, β
∫
p2ναdpναdES d cos θ f(Eνα)f(ES)σ(ναS → νβS)
2pi2
∫
dES f(ES)
. (4.5)
All the MFP limits DS = RC are indicated in Fig. 1 by dashed lines, above which the
MFP is smaller than the core radius. As for the luminosity argument, only one independent
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element of the coupling matrix gαβ is assumed to be non-vanishing at one time. Since the
scattering νS → νS has a quartic dependence on the coupling gαβ, the MFP condition
DS < RC renders the luminosity constraints irrelevant for relatively large couplings, say
g & 10−5− 10−4. When the scalar is heavier, the scattering cross section tends to be smaller
and thus the coupling g has to be larger for a fixed value of DS . The supernova core contains
more νe than the muon and tauon flavours to scatter with the scalar, thus the trapping effect
is stronger for the electron flavor and the MFP condition DS < Rc excludes larger region of
the luminosity constraint for the couplings involving the electron flavour.
Combining the analysis of luminosity and MFP, if the couplings g are too large, after
produced, the scalars get easily trapped in the inner core by scattering with the neutrino
bath and thus can not transport any energy outside the core and lead to extra energy loss.
However, as depicted in Fig. 1, a large range of couplings still remains excluded from the
simple examination of energy loss: 10−5 . gαβ . 10−11, depending on the neutrino flavours
involved and the scalar mass.
5 Deleptonization constraints
The scalar production in the supernova core can not only lead to exotic energy loss but also
deleptonize the core in all the three flavours. In particular, supernova simulations reveal that
the electron lepton number YLe is severely constrained [43]: A successful explosion requires
that at the time of core bounce YLe & 0.375 and only a small variation of 0.015 of YLe is
allowed [43, 111, 112]. For SN1987A, the total energy loss due to neutrino emission is about
1053 erg, and the average neutrino energy is about 10 MeV, thus it is expected that a total
number of 1057 of νe was emitted from SN1987A within a duration of a few seconds. The
electron lepton number can thus be used to constrain the electron flavour relevant couplings
geβ as a function of the scalar mass.
To estimate the deleptonization effect due to presence of the scalar, we count how many
scalars are produced and then decay outside the supernova core. The formula for the number
production rate is rather analogous to Eq. (3.1), i.e.
NS =
∫
dΠ3 FS
∑
spins
|M|2(2pi)4δ(4)(p1 + p2 − pS)f1f2 . (5.1)
The only difference lies in the absence of the energy factor ES (Note that the decay factor
has also to be included to exclude those scalars decaying inside the core). The total number
of scalars emitted is then NS = VcoreNS∆t, with ∆t the duration of neutrino burst. The
deleptonization constraints are presented in Fig. 1 (right panel), where the constraints apply
only to the entries of geβ relevant to the electron flavor. In the calculation of Fig. 1 we have
assumed ∆t = 1 sec; a larger ∆t implies a smaller lepton number variation and pushes the
constraints on mS and gαβ to be more stringent.
6 Dimension-5 interactions
In this section we explore the possibility that the interaction of the (pseudo)scalar with
neutrinos, instead of being at the renormalizable level, is encoded by effective dimension-5
operators, which can be seen as the low energy limit of some UV complete theories. The
operator we consider here is taken to be of the form
L = hαβ
4ΛTeV
(νTα iσ2νβ)(SS) + h.c. , (6.1)
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where hαβ are the flavor dependent couplings and ΛTeV = 1 TeV is the universal cutoff scale
explicitly set for concreteness3. In this case, in contrast to the renormalizable couplings in
Eq. (2.1), the scalar S can only be pair produced via neutrino annihilation νανβ → SS. In
the absence of “trilinear” couplings in Eq. (2.1), the decay of S is forbidden, and the scalars
can only annihilate back into neutrinos or scatter on the neutrino bath.
Since only a small portions of neutrinos are expected to annihilate into scalars inside
the supernova core, the number density of S is negligible compared to the one of neutrinos,
thus in calculation of the emission rate we safely neglect the inverse process SS → νν. To
calculate the energy emission rate, and then derive analogous luminosity constraints as in
Section 3, we make the replacement in Eq. (3.1):
dΠ3 → dΠ4 , ES → ES1 + ES2 . (6.2)
with the δ-function and the amplitude altered accordingly. After integrating over the phase
space, we obtain the emission rate for the dimension-5 operator:
Q =
FS |hαβ|2T 7
27pi5Λ2TeV
∫ ∞
0
du
∫ ∞
0
dv
∫ 1
−1
dzi
∫ 1
−1
dzf
√
uvw
× (I1 + I2)I5
I1I2I6 (1 + eI1−x1) (1 + eI2−x2)
Θ(I1 + I2 − 2
√
q + u) . (6.3)
The Θ-function ensures that the total energy carried by the incoming neutrinos are large
enough to produce the two massive scalars. The dimensionless parameters u, v, w, q, zi, f ,
xi and the functions Ii are defined in the Appendix.
Since the scalar S does not decay and the annihilation into neutrinos is neglected, all
the scalar particles produced in the core are taken into account, as long as the mean free
path is longer than the core size. The excluded regions from luminosity and deleptonization
with regard to the different flavor combinations are shown respectively in the left and right
panel of Fig. 2.
As far as the trapping effect is concerned, it is still driven by the process ναS → νβS,
which in this case is a contact interaction. The calculation of the MFP in Section 4 thus
holds true when using the appropriate scattering cross section and the f(ES) in Eq. (4.4)
is halved. The regions where DS < RC are surrounded from below by the dashed lines in
Fig. 2, and indicate where the luminosity and deleptonization constraints are not applicable.
When the trapping effect is considered, it is found that only small regions could be excluded
from both the energy loss and deleptonization arguments, with the scalar mass ranging from
MeV to 200 MeV, and the coupling h going from 10−6 to 10−2.
7 Prospects for future experiments
The main weakness of the constraints from SN1987A lies in the very poor experimental data,
from which the only possible constraints one can set are mostly rough estimations of orders of
magnitude. If a supernova explosion could happen nearby in the next decades, the detection
of a supernova burst would be incredibly more efficient. Indeed, detections of neutrinos by
Super-Kamiokande and IceCube, as well as the next generation dark matter direct detection
experiments [120, 121] could allow to detect thousands to millions of events, depending on
3Note that a different cut-off scale can be easily adapted by a simple rescaling of the coupling h.
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Figure 2. Similar constraints as in Fig. 1, for the dimension-5 operator in Eq. (6.1).
how far the supernova is. In this section we estimate to what extent such improvements of
detections could reinforce our constraints.
In this paper we make the assumption that the emission of exotic scalar particles would
not alter too much the thermal distribution and explosion dynamics of the neutrino bath
during the whole period of supernovae evolution including the phase of deleptonization.
Such assumption is very strong and should be overcome by running simulations of supernova
explosion including these additional interactions of neutrinos. We postpone such a precise
study for future works and propose simply here a rough estimation of the expected constraints
as a motivation for the appropriate simulations.
If we write Nevent the total number of neutrinos detected during a time bin of ∆t, and
assuming an error bar of order
√
Nevent, then the constraint on the luminosity of massive
scalars within ∆t can be written
L∆tS <
1√
Nevent
L∆tν, simu , (7.1)
where L∆tν, simu is the flux of neutrinos integrated over ∆t predicted by simulations.
In what follows we use the reference simulations of [36] in the case of an 18M supernova.
We focus in particular on the most optimistic case of a nearby supernova located at d '
0.2 kpc. In such a case the luminosity flux reaches ∼ 1053 erg/sec during approximately 0.1
sec after the core bounce. Within the time bin of 0.1 sec, one could conservatively expect
a total number of 105 events in the Super-Kamiokande detector and up to 108 at IceCube.
One can hence impose the constraints
LS .
{
3× 1050 erg/sec for Super-K
5× 1048 erg/sec for IceCube (7.2)
Using these constraints, we can reinforce the limits in Section 3 and 5. The IceCube prospects
for the dimension-4 and dimension-5 couplings are depicted respectively in Fig. 3 and 4. As
expected, more data collection could set more stringent limits and exclude larger regions in
the parameter space. For the dimension-4 coupling, the coupling gαβ can be probed even
down to 10−13, while for the dimension-5 case, the probable scalar mass range spans 6 orders
of magnitude with the coupling hαβ spanning almost 4 orders of magnitude. With less data
collected at Super-Kamiokande, the limits go less stringent, but still exclude much large
regions as for the IceCube limits.
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Figure 3. Neutrino luminosity constraints on the coupling gαβ , as functions of the scalar mass mS , assuming
the detection of a nearby supernova (d ' 0.2 kpc) by IceCube, with a number of 108 of events collected within
0.1 second.
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Figure 4. Similar constraints as in Fig. 3, for the dimension-5 operator in Eq. (6.1).
8 Conclusion
Core-collapse supernovae provide a unique circumstance to study the beyond SM particles and
couplings, and have been extensively studied with regard to neutrinos, axion, Majoron etc. In
this letter we demonstrate to what extent the couplings of a massive scalar (or pseudoscalar)
to SM neutrinos can be constrained from the supernova side. This is well motivated from the
large variety of Majoron models, and applies to the most general cases. Two distinct types
of couplings are considered, which are respectively dimension-4 and dimension-5, as shown in
Eqs. (2.1) and (6.1). We apply two different constraints on both the couplings: the first one
concerns the energy loss of supernovae due to the (pseudo)scalar emission and the second one
is the electron lepton number depletion in the supernova core. The limits from SN1987A on
the dimension-4 couplings are collected in Fig. 1, with the relatively dark coloured regions
excluded in the parameter space of (pseudo)scalar mass and couplings. The possibility of
scattering with neutrinos inside the core, which tends to trap the scalar particles, is also
taken into account. The exclusion regions can be summarized as follows
2.1× 10−9 MeV . |gee| ×mS . 1.6× 10−6 MeV ,
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5.5× 10−9 MeV . |gµµ| ×mS . 1.1× 10−6 MeV ,
2.3× 10−8 MeV . |geµ| ×mS . 6.6× 10−7 MeV ,
in the region where, roughly, mS ∈ [10, 500] MeV. The deleptonization constraints overlap
largely with the corresponding limits from energy loss. In the case of dimension-5 operator, we
can constrain the parameter space for a scalar mass from MeV to 100 MeV and couplings hαβ
from 10−6 to 10−2, depending on the neutrino flavours and scalar mass. The deleptonization
constraints give again similar bounds for coupling involving the electron flavour.
For what concerns future observability, we derive also the prospects in the case of a
nearby supernova explosion. Given a huge amount of neutrino data collected in future exper-
iments like Super-Kamiokande and IceCube, the current limits can be largely improved, as
shown in Fig. 3 and 4. A non-deviation of experimental data with respect to supernova sim-
ulations could exclude large regions of the parameter space. Probing models standing in this
region of parameter space may hence be rendered possible by future supernova observations.
Our estimations of supernova constraints on the couplings of massive (pseudo)scalars
to neutrinos are complementary to terrestrial experiments such as those from meson and
lepton decay, which are both, in some sense, the counterpart of constraints on couplings
of a massless (pseudo)scalar to the SM neutrinos. Finally, more involved simulations of
supernova explosions, including the emission of massive scalars, would be of great interest
for constraining such secret interactions, as done for the case of axions in [36].
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A Energy emission rate for the dimension-5 operator
The calculation procedure of the emission rate for the dimension-5 operator is very similar
to that in ref [52], with the dimensionless parameters defined as:
u ≡ P
2
T 2
, v ≡ p
2
i
T 2
, w ≡ p
2
f
T 2
,
q ≡ m
2
S
T 2
, xi ≡ µi
T
, zi,f ≡ cos θi,f , (A.1)
with P, pi and pf the momenta defined in the center-of-mass frame of the annihilating
neutrinos which are related to the momenta of neutrinos (p1,2) and scalars (pS1,S2) via
p1 = P + pi , p2 = P− pi ,
pS1 = P + pf , pS2 = P− pf . (A.2)
– 11 –
θi(f) is the angles between P and pi (pf ), and the Ii functions are defined as follows:
I1 ≡ E1
T
=
√
u+ v + 2
√
uvzi , (A.3)
I2 ≡ E2
T
=
√
u+ v − 2√uvzi , (A.4)
I3 ≡ ES1
T
=
√
q + u+ w + 2
√
uwzf , (A.5)
I4 ≡ ES2
T
=
√
q + u+ w − 2√uwzf , (A.6)
I5 ≡ E1E2 −P
2 + p2i
T 2
,
=
√
(u− v)2 + 4uv(1− z2)− (u− v) , (A.7)
I6 ≡ |
√
w(I1 + I2) +
√
uzf (I4 − I3)| . (A.8)
the parameter w are related to other quantities via the equation
w =
(I1 + I2)
2[(I1 + I2)
2 − 4(q + u)]
4[(I1 + I2)2 − 4uz2f ]
. (A.9)
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